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Excited state dynamicsThe ﬂuorescence emission characteristics of the photosynthetic apparatus under conditions of open (F0) and
closed (FM) Photosystem II reaction centres have been investigated under steady state conditions and by moni-
toring the decay lifetimes of the excited state, in vivo, in the green alga Chlorella sorokiniana. The results indicate a
markedwavelength dependence of the ratio of the variable ﬂuorescence, FV= FM− F0, over FM, a parameter that
is often employed to estimate themaximal quantum efﬁciency of Photosystem II. Themaximal value of the FV/FM
ratio is observed between 660 and 680 nm and the minimal in the 690–730 nm region. It is possible to attribute
the spectral variation of FV/FM principally to the contribution of Photosystem I ﬂuorescence emission at room
temperature. Moreover, the analysis of the excited state lifetime at F0 and FM indicates only a small wavelength
dependence of Photosystem II trapping efﬁciency in vivo.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Photosystem II (PSII) catalyses the light-dependent oxidation
of water and the reduction of plastoquinone to plastoquinol. It is
composed of two functional moieties: the core, which serves both as
the photochemical reaction centre as well as the internal antenna, and
the external antenna, which only has a light harvesting function.
Three principal pigment binding complexes are present in the core,
CP43, CP47 and the D1–D2 heterodimer that coordinates all the cofac-
tors active in primary photochemistry and successive electron transfer
events (e.g. [1–6]). The core complex binds about 35 Chlorophyll (Chl)
a and 12 β-carotenemolecules [2,4]. In green plants, the external anten-
na is composed of several Chl a/b binding complexes (e.g. [5–7]) that
also bind oxygenated carotenoids, known as xanthophylls. LHCII is the
most abundant complex of the external antenna and is organised as a
trimer [5–7]. Typical stoichiometries indicate the presence of three to
four LHCII trimers per reaction centres. The other Chl a/b-binding com-
plexes, CP29, CP26 and CP24, are monomers and are present as a single
copy per reaction centre [5–7].ht Harvesting Complex; Chl,
orescence level at open PSII
reaction centres; FV, variable
SII; τ(av), (average) lifetime;
io Nazionale delle Ricerche, via
arbara).The ﬂuorescence emission of PSII is markedly dependent on the
redox state of its terminal electron acceptor (e.g. [5–18]), the plastoqui-
none molecule QA (and QB). When QA is oxidised (reaction centres are
said to be in an “open state”), the ﬂuorescence attains the minimal
level, F0, whereas when QA is reduced (QA−) the ﬂuorescence emission
reaches its maximal level, FM. Analysis of the excited state decay both
in isolated thylakoids and in isolated PSII particles indicates that the
average decay lifetimes (τav) vary as a function of active state of PSII:
values in the range of ~300–450 ps (e.g. [16–27]) are reported for
open states and in the range of ~1–2 ns (e.g. [16–22]) for closed reaction
centres. Since the change of the averageﬂuorescence lifetimeparallels the
intensity change observed at steady state, the low ﬂuorescence emission
under F0 condition is interpreted in terms of singlet excited state quen-
ching due to photochemical trapping (photochemical quenching). It
is then easily demonstrated that the ratio between the variable ﬂuo-
rescence, FV = FM − F0, and the maximal ﬂuorescence level, FM,
represents the maximal quantum photochemical efﬁciency of PSII,
(ΦPSIImax) [10,11,14,15]. Values ofΦPSIImax fall typically in the 0.75–0.85 interval
[8–15].
The FV/FM parameter is routinely employed in physiological investiga-
tions, particularly under in vivo conditions [14,15]. Nevertheless, deriving
ΦPSIImax from the FV/FM ratio is correct only when assuming negligible
Photosystem I (PSI) emission in the wavelength range of measurement.
Room temperature measurements of PSI isolated from higher plants
show that for wavelengths shorter than 700 nm the emission is sig-
niﬁcantly weaker than that of PSII and it is characterised by an average
decay lifetime of 20–40 ps (e.g. [28–39]). On the other hand, PSI shows
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minimal. Moreover the average excited state lifetime of isolated PSI in-
creases in monotonic fashion up to 60–80 ps in the long wavelength
range [28,34,37,38]. Thus PSI might be a source of error in the estimation
ofΦPSIImax if FV/FM is monitored at wavelengths above ~710–720 nm.
The use of the FV/FM ratio as an unbiased estimator of ΦPSIImax also
requires that this parameter is independent of both the excitation and
the emission wavelength. This condition is attained if the band-shape
of the PSII ﬂuorescence emission spectrum is independent of both the
excitation wavelength, and the active state of the reaction centre.
Although it was shown that the emission spectrum of the isolated
PSII–LHCII complex is substantially independent of excitation wave-
length and, hence, that the system can be considered, to a good approx-
imation, thermally equilibrated [40,41], it was also shown that the value
of the FV/FM ratio (datawere presented as F0/FM) is not constant through
the emission spectrum [42–44].Minimal values of F0/FM (corresponding
to amaximal value of FV/FM)were observed in the 685–690 nm interval
and interpreted in terms of an increase of photochemical quenching
in the reaction centre complex, due to a partial kinetic bottleneck of
excited state energy transfer from CP43 and CP47 [44,45]. This sugges-
tion has been, in part, supported by kinetic modelling studies based on
the crystallographic structures [46,47]. At the same time, spectroscopic
studies performed either on the isolated core complex of PSII [48–52]
or in PSII–LHCII complex [52–54], point towards a limited contribution
of kinetic bottlenecks for energy transfer to the overall trapping kinetics.
Possible underestimations of the value of ΦPSIImax obtained from
FV/FM due to PSI emission have been already discussed in the literature
(e.g. [15,53,55–57]). However, the dependence of ΦPSIImax through the
emission band has not been investigated under conditions in which
PSII is embedded in its native membrane.
Therefore, we have performed a detailed in vivo investigation of both
steady state and time resolved ﬂuorescence emission under F0 and FM
conditions in the green alga Chlorella sorokiniana. Both spectroscopic
approaches demonstrate a pronounced variation of FV/FM across the
emissionband,withmaximal values observed in the660–680nm interval
and minimal values in the 700–720 nm window. The analysis of data in-
dicates that PSI ﬂuorescence emission is the principal cause of FV/FM spec-
tral dependence, leading to an underestimation of the value of
ΦPSIImax between 5 and 20%, depending on the ﬂuorescence detection
wavelength.
2. Material and methods
2.1. Cell culture
C. sorokiana cells were grown under continuous illumination
(80 μE m−2 s−1) and shaking, at 25 °C in TAP medium, containing ace-
tate as a carbon source. The culture was harvested during the logarith-
mic growth phase by centrifugation for 5 min at 1000 g and suspended
inminimal media at an optical density of ~1 O.D. cm−1 at 680 nm. After
2 h of incubation under growth conditions, the cells were diluted to an
optical density of 0.1 O.D. cm−1 in minimal medium supplemented
with the non-osmotic polymer Ficoll (20% w/v) and further adapted for
half an hour. The measurements were performed after a further 2 min
of dark adaptation, for F0 conditions. For measurements performed at
FM the PSII inhibitor DCMU (15 μM) was added to the dark-adapted
sample.
2.2. Fluorescence emission spectroscopy
Fluorescence emission spectra were recorded using a laboratory as-
sembled spectrometer using a liquid nitrogen cooled CCD camera
(Princeton Applied Research, LN/CCD-ST138), coupled to a spectro-
graph (PAR, SpectraPro 300i) as a detector/analyser system, that
has been described previously in detail [58]. The excitation source
is a 250 W xenon lamp, ﬁltered through a spectro-polarimeter (JascoJ500), a depolariser, a CS4-96 (Schott) band-pass ﬁlter and neutral densi-
tyﬁlters (Balzers) to control the excitation intensity. The excitationwave-
length was set at 435 nm with a bandwidth of 1.5 nm, and it was
sufﬁciently weak to maintain the cells in a state close to F0, as judged
from i) the FV/FM measured on the same sample after the addition of
DCMU and ii) parallel measurements in a conventional ﬂuorescence
induction set-up. The spectra presented are the results of ten indepen-
dent replicates (cell batches), each of which has been analysed three
times on the same day of measurement. All spectra are corrected for the
sensitivity of the detector, using a normalised instrument response func-
tion that maintains the experimental count number at the peak channel.
2.3. Measurement of the excited state lifetime
The decay of the excited state wasmonitored by the time-correlated
single photon counting (TCSPC) technique in a home assembled set-up
which has been previously described [34,52]. The excitation source was
a diode laser (PicoQuant 800B) centred at 632 nm(FWHM3nm),with a
pulsewidth of ~20 ps andoperating at a repetition frequency of 20MHz.
The laser spot-sizewas about 1mm in diameters and the pulse intensity
is ~2 picoJ/pulse, which is sufﬁciently low to avoid the build-up of a sig-
niﬁcant population of closed centres at F0 and ofmeta-stable states, such
as (carotene) triplets. The emission was monitored at discrete wave-
lengths, selected by a monochromator (Jasco, JT-10), in the 660–750 nm
interval. The detector was a cooled microchannel plate photomultiplier
(Hamamatsu, R5916U-51). The overall response function of the instru-
ments is 110 ± 10 ps, which allows resolving decay components which
are an order ofmagnitude faster after numerical deconvolution.Measure-
ments under F0 and FM conditions were performed on the same sample
before and after DCMUwas added. The sample was changed periodically
during the measurement period. Moreover for each condition, measure-
ments were performed by initially scanning from low to high wave-
lengths and subsequently in the reverse order. The instrument response
function was determined using the dye DCI′ in ethanol as a reference
standard, as previously described [52]. The results presented are the aver-
ages of eight independent cell batches.
2.4. Global analysis of TCSPC data
The kinetics of the excited state decay collected under F0 and FM con-
ditions were analysed by iterative reconvolution of the instrument
response and a sum of exponential functions, by a global ﬁtting routine
based on the MINUIT package that minimises the reduced χ2 as pre-
viously described [52]. In brief the decay lifetimes (τi) are analysed
as global parameters, whereas the pre-exponential amplitudes asso-
ciated with each decay lifetime are treated as a local parameter and
are therefore a function of the emission wavelength (Ai(λ)). The
plot of the amplitude as a function of the emission wavelength yields
the decay associated spectra (DAS). The quality of the ﬁt was judged
by the value of χ2, inspection of the ﬁt residuals and their auto-
correlation and the band-shape of the DAS. It is a well known problem
that such an analysis does not always lead to an unequivocal description
of the data. As a rationale for selection amongst different possible ﬁt
solutions,we opted for those thatwere characterised by aminimal num-
ber of parameters and displayed stability through the independently
tested cell batches.
The average lifetimes is deﬁned as τav ≡ ∑
n
i¼1
Ai  τiÞ
 
=∑
n
i¼1
Ai:
3. Results and discussion
3.1. Steady state ﬂuorescence emission spectra
The ﬂuorescence emission spectra in whole cells of C. sorokiniana,
under conditions in which the reaction centres of PSII are either open
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The cells weremaintained at levels close to F0, which is only attained for
a dark-adapted system, and are thereafter referred to as F0' , by continuous
illumination with a weak, monochromatic, excitation ﬂux, (λ: 435 ±
1.5 nm equivalent to ~25 μE m−2 s−1). The maximal ﬂuorescence level,
FM, was obtained by the addition of the inhibitor DCMU (15 μM) under
the same excitation conditions. The emission spectra collected at F0'
and FM in several independent culture batches are presented in Fig. 1
(A). The emission spectrum at FM represents the sumof the different in-
dependent acquisitions. In order to obtain the same signal-to-noise
ratio at FM and at F0' , a larger number of acquisitions (i.e. a factor of 4)
were performed for the latter conditions maintaining constant the ex-
posure time of each spectrum acquisition. The emission spectrum of
F0
' , shown in Fig. 1, was obtained as the sum of the acquired spectra,
scaled for the numbers of acquisitionswith respect to FM. This procedure
permits the difference in emission intensity to be maintained and to
have spectra with similar statistical noise. To compare the changes in
the emission band-shape of the spectra, recorded under conditions of
open and closed reaction centres, these have been normalised to theFig. 1. Steady-state ﬂuorescence emission spectra recorded under F0' (continuous line) and
FM (dash-dotted line) conditions at room temperature (298 K). (A) Spectra scaled for the
intensity of the emission, integrated over 8 independent cultures. (B) Spectra normalised
at the emission maximum (686 nm). The insert of panel B shows the (F0' − FM) difference
spectrum, after normalisation.respective emission maxima, which in both cases is 686 nm (Fig. 1B).
In the main emission band, i.e. at wavelengths shorter than 700 nm,
the normalised emission spectra recorded at F0' and FM substantially
overlap. On the other hand, atwavelengths longer than 700 nm the nor-
malised emission spectrum recorded under F0' conditions is relatively
more intense than that recorded under FM conditions. This change in
emission band-shape is further highlighted by calculating the difference
(F0' − FM) of the normalised spectra (Fig. 1, insert), which shows two
spectral features: i) a dominating feature, peaking at about 705 nm,
which is relatively broad (about 25 nm at FWHM) and asymmetric
and ii) a minor one, between 645 and 680 nm, which resembles a spec-
tral structure that has been previously assigned to a small population of
Chl–protein complexes in which some pigments are weakly coupled to
the bulk antenna [59–61]. Since the difference spectra can be distorted,
in part, by the choice of normalisation, and this might affect the assign-
mentof the spectral features observed,wehave also calculated the FV' /FM
spectrum (with FV' = FM− F0' ), based on themeasurements reported in
Fig. 1A. The spectrum of FV' /FM presented in Fig. 2 does not rely on nor-
malisation. Moreover, these FV' /FM values might be directly compared
with those obtained by commonly employed steady-state methods
which lack the spectral resolution of the present measurements. Fig. 2
shows that the value of FV' /FM has a signiﬁcant emission wavelength
dependence. Due to the large signal-to-noise ratio of the emission spec-
tra the spectral dependence of FV' /FM is statistically signiﬁcant, as indi-
cated by the uncertainty bounds (Fig. 2). Maximal values in the range
of 0.70–0.72 are observed in the 650–685 nm window, where the FV' /FM
attains values close to those commonly reported by classic ﬂuorescence
“induction” techniques (e.g. [8–15]). We obtained values of about 0.75
by measurements of the induction curve in the presence of DCMU, upon
excitation at 480 nm and detection at 680 nm (data not shown), that
are comparable to the results presented in Fig. 2 calculated from the F0'
and FM steady state emission spectra. In the FV' /FM spectrum minimal
values of ~0.67 are observed at 710 nm, associated with a broad trough
in the spectrum which extends from above 695 nm and up to 750 nm
(Fig. 2). The band-shape of FV' /FM variation across the emission band
appears to be associated principally with the contribution of PSI ﬂuores-
cence to the total cell emission. PSI emission is expected to be very
weakly dependent on the redox state of cofactors within the reaction
centres [62,63] and independent from the active state of PSII. Still,
based on the steady state measurements alone it is not possible to esti-
mate possible contributions of PSI emission in the short wavelength
(650–685 nm) window, which could also lead to an underestimation
of the real value of PSII-associated FV. The possible presence of a properFig. 2. Spectral dependence of the FV' /FM calculated from the spectra presented in Fig. 1A.
The conﬁdence bars are estimated after propagation of errors obtained according to
Poisson statistics for the counts in each channel (wavelength) of the detector.
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be considered. In order to get further information on these issues, the
emission characteristics under F0' and FM conditions were investigated
bymonitoring the decay of the excited state with picosecond resolution.3.2. Time-resolved ﬂuorescence emission spectra
The results of the global analysis of the excited state kinetics under F0'
and FM conditions, presented as the average of several independentmea-
surements ondifferent algal batches, are shown in Fig. 3. The amplitudeof
the decay associated spectra (DAS = Ai(λ)) are scaled in order to main-
tain the difference in the intensity of the ﬂuorescence emission at F0'
and FM, that is given by the integrated count number under the TCSPC
traces. This scaling is possible because the measurements at open and
closed reaction centres were performed on the same samples.
Under F0' conditions the data are described satisfactorily considering
ﬁve exponential components, characterised by the following lifetimes:
53 ± 7 ps, 89 ± 9 ps, 174 ± 23 ps, 535 ± 67 ps and 1.2 ± 0.2 ns.Fig. 3. Decay associated spectra (DAS) obtained from the global analysis of TCSPC data,
under F0' (A) and FM (B) conditions. Panel A, F0' : 53 ± 7 ps, circles/solid line; 89 ± 9 ps,
squares/dashed line; 174 ± 23 ps, triangles, dash-dotted line; 535 ± 67 ps, diamonds/
dash-dot-dotted line, 1.2 ± 0.1 ns, stars/dotted line. Panel B, FM: 44 ± 12 ps, circles/
solid line; 247 ± 14 ps, squares/dashed line; 1.0 ± 0.1 ns, triangles/dash-dotted line;
1.9 ± 0.1 ns, diamonds/dash-dot-dotted line. The conﬁdence levels are the standard
deviation associated with the weighted mean.These values fall in the range of the relatively broad distribution of
the decay lifetimes reported in the literature for time-resolved ﬂuo-
rescence studies in thylakoids, leaves and algal cells of different species
(e.g. [20–25]). The lifetimes in the 80–550 ps interval display very sim-
ilar DAS band-shape, withmaxima close to 685 nm and relatively weak
amplitude above 700 nm. On the other hand, the DAS associated with
the shortest 53 ± 7 ps component are maximal above 700 nm.
Under FM conditions four exponential components are sufﬁcient to
describe satisfactorily the excited state decay. These are charac-
terised by lifetimes of 44 ± 12 ps, 274 ± 14 ps, 1.0 ± 0.1 ns and
1.9 ± 0.1 ns. Under FM conditions the DAS associated with lifetimes
in the 270 ps–2 ns interval have similar band-shape, maximal values
at 685 nm and show a weak tail above 700 nm, similar to that
observed for components in the 80–550 ps interval at F0' but for the
increase in lifetimes. Both the lifetime and the DAS of the fastest
component (44 ± 12 ps at FM) do not change signiﬁcantly when
PSII centres are open or closed. Fig. 4 shows a direct comparison of
the integrated emission (A(λ) · τ) associated with the fastest decay
component derived from the F0' and FM analysis. Since no further
scaling or normalisation has been applied other than that described
for the data presented in Fig. 3, it can be concluded that the contribu-
tion of the fastest decay lifetime to the total ﬂuorescence emission is
independent on the photochemical state of PSII. This evidence, to-
gether with the red-shifted emission with respect to all other DAS,
leads us to the assignment of the 30–50 ps decay to PSI. The descrip-
tion of PSI emission in terms of a single exponential is probably a
simpliﬁcation on the basis of measurements obtained in isolated sys-
tems (e.g. [28–39]). However, increasing the number of exponential
components in the ﬁt did not yield either better statistics, in terms of
reducing χ2, or additional DAS components which could be related
to speciﬁc PSI decays (i.e. red emission forms of PSI). We notice
that the DAS associated with the 30–50 ps decay, although red-
shifted with respect to the other DAS in C. sorokiniana, are markedly
blue shifted with respect to PSI of higher plants (e.g. [25,28,35–39]),
where the long wavelength emission forms are associated with LHCI
(e.g. [64–68]). This indicates a difference in the PSI antenna charac-
teristic in green algae, in agreement with the observation obtained
comparing both the low temperature (77 K and below) ﬂuorescence
emission spectra of green algae (e.g. [69–71]) and higher plants
thylakoid (e.g. [10,72,73]), as well as from study of isolated [74]
and reconstituted [75] LHCI complexes from another model alga,
C. reinhardtii. The main reason for a multi-exponential decay in PSIFig. 4. Comparison of the reconstructed steady-state spectra (FSS = A(λ) · τ) associated
with the faster decay component detected at F0' (τ= 53 ± 7, open circles/solid line) and
FM (τ= 44 ± 12 ps, closed circle/dash-dotted line). The conﬁdence levels are the propa-
gation of the standard deviations associated to A(λ) and τ.
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necks for energy transfer due to the presence of red-forms in the an-
tenna (e.g. [34,36–39,76]). A lower abundance of these pigments
and/or a less pronounced spectral dispersion might lead to a simpli-
ﬁcation of the excited state dynamics in the PSI of C. sorokiniana com-
pared to that of higher plants. Thus, to a ﬁrst order approximation, it
would seem possible to consider the ~45 ps lifetime observed in vivo
as a macroscopic description of the excited state decay in PSI, that
approximates the overall (photosystem-level) average lifetime de-
termined in several studies on isolated PSI (e.g. [28–39]).
The other DAS are then assigned to PSII on the basis of the band-
shape and the increase in the value of τ when the PSII reaction centre
is closed. To further conﬁrm this assignment, the reconstruction of the
steady state spectra calculated as FSS ¼∑
n
i¼1
Ai λð Þ  τi , considering the
89 ± 9 ps, 174 ± 23 ps, 535 ± 67 ps at F0' and 274 ± 14 ps, 1.0 ±
0.1 ns and 1.9± 0.1 ns at FM, is presented in Fig. 5A. The longest lifetime
of ~1.2 ns observed under F0' conditions has a very small amplitude at all
detected wavelengths (b3%) and the value of this τ approaches thatFig. 5. Comparison of the reconstructed steady-state spectra of PSII (FSS,PSII = Ai(λ) · τi at
F0
' (τi=89± 9 ps, 174± 23 ps and 535± 67 ps components, open circles/solid line) and
FM (τi = 247 ± 14 ps, 1.0 ± 0.1 ns and 1.9 ± 0.1 ns, closed circle/dash-dotted line). (A)
Intensity-scaled reconstruction of FSS,0 (PSII) and FSS,0 (PSII). (B) Spectra of Panel A nor-
malised to the maximal emission (685 nm) and compared with the normalised (at the
maximum) FV spectrum (dash-dotted line) obtained from the difference of the spectra
at FM and F0' shown in Fig. 1A. The conﬁdence levels are the propagation of the standard
deviations associated with Ai(λ) and τi.of τav measured under FM conditions. Hence, also in accordance with
several other studies (e.g. [18–28]), we consider this lifetime to describe
a small population of PSII centres which are closed under our F0' mea-
surement conditions and that are described macroscopically by a single
decay lifetime. This lifetime has therefore been excluded from this anal-
ysis. In Fig. 5B the same spectra are normalised to themaximal emission
and compared to the (normalised) spectrum of variable ﬂuorescence,
obtained from the steady-state measurements of Fig. 1. The comparison
shows that there is little variation in the band-shape of the emission
spectra under F0' and FM conditions, and that both DAS-derived spectra
overlap almost perfectly to that of FV' obtained in the steady-state,
which then represents the in vivo PSII emission spectrum.
Having assigned the lifetime components associated with the emis-
sion of both PSI and PSII, both under F0' and FM conditions, it is possible
to evaluate the relative contribution of the two photosystems to the
total emission and their impact in the determination of the FV' /FM
ratio. The calculations were performed by reconstructing the steady-
state levels (FSS) starting from the time resolved data (Fig. 6). When
all the measured decay components are considered FV' /FM has maximal
values in the 670–680 nm range (FV' /FM = 0.78), whereas a decrease
of the ratio, with a minima at 710 nm (FV' /FM = 0.67) is observed on
the long wavelength tail of the emission. Neglecting the contribution
of the 1.2 ns component detected at F0' from the calculations, since this
was attributed to small population of closed centres, yields larger values
of FV/FM across the entire emission band, but does not alter signiﬁcantly
thewavelength dependence of the parameter. On the other hand, when
the long-lived 1.2 ns component was omitted at F0' and the faster life-
times, attributed to PSI, were omitted both at F0' and FM, the FV' /FM
ratio attains its maximal value (around 0.80) and the spectral depen-
dence becomes signiﬁcantly weaker, with a minima of ~0.78 observed
in the 685–690 nm interval.
3.3. Factors inﬂuencing the estimation of maximal photochemical efﬁciency
of PSII (ΦPSIImax) from the FV/FM ratio
The measurement of the FV/FM ratio has become a widespread tech-
nique to estimate ΦPSIImax and its variation under various environmental
and experimental conditions (e.g. [13,15]). One of the principal advan-
tages of the so-called ﬂuorescence induction technique is that it can
be performed in vivo, i.e.with leaves or cell suspensions, so that the sam-
ples are closely related to physiological conditions and perturbationsFig. 6. Calculations of FV' /FM from the reconstructed steady state spectra, FSS obtained from
the global analysis of the excited state decay at F0' and FM. (A) Solid squares/solid line:
FV
' /FM ratio considering all the measured lifetime; open squares/dashed line: excluding
the 1.2 ± 0.1 ns component from the reconstruction of FSS,0; open circles/dash-dotted
line: excluding the 1.2 ± 0.1 ns and the 53 ± 7 components from the reconstruction of
FSS,0 and the 44 ± 12 ps from the reconstruction of FSS,M lines.
Fig. 7. Spectral dependence of τav,0 (A) and τav,M (B) associated with PSII. τav,0 was com-
puted considering the 89± 9 ps, 174± 23 ps and 535± 67 ps components and τav,M con-
sidering the 247± 14 ps, 1.0 ± 0.1 ns and 1.9 ± 0.1 ns components. The continued dash–
dotted linesmark theupper and lower conﬁdence levels determined from thepropagation
of the standard deviations associated with Ai(λ) and τi.
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are most commonly performed at a single excitation/detection wave-
length, be it narrowor broadband. This approach relies on the assumption
that the photochemical yield of PSII is independent on the detection/
excitation wavelength and that the emission of PSI, at room temper-
ature, is negligible. The reinvestigation of the emission wavelength
dependence of the FV/FM ratio in whole cells of C. sorokiniana demon-
strates, instead, that there is a signiﬁcant variation of this parameter
across the emission band (Figs. 2 and 6).Maximal values are observed in
the short emission wavelength range, close to the emission maximum,
whereas minimal values are observed in the 700–720 nm interval. The
shape of the spectral dependence of the FV/FM ratio and the analysis of
excited state relaxation under F0' and FM conditions indicate that the
principal source of spectral distortion in the estimation of ΦPSIImax is due
to PSI emission, whereas the condition that PSII quantum yield is con-
stant through the emission band is substantially veriﬁed.
The spectral dependence of FV/FM is explainable in simple terms by
describing the emission at F0' and FM as a linear combination of PSI and
PSII emission spectra:
F
0
0 λð Þ ¼ ϕII;0  f II λð Þ þ ϕI  f I λð Þ
FM λð Þ ¼ ϕII;M  f II λð Þ þ ϕI  f I λð Þ
(
ð1Þ
where fII(λ) and fi(λ) are the band-shapes of PSII and PSI emissions,
respectively, ϕII,0 and ϕII,M are the ﬂuorescence yields of PSII when the
centres are open and closed, respectively, and ϕI is the yield of PSI ﬂuo-
rescence. This expression is based on the time-resolved measurements
indicating that the emission of PSI (ϕI · fI(λ)) remains unchanged
under the measuring F0' and FM conditions (Fig. 4), and that the band-
shape of PSII (fII(λ)) does not change signiﬁcantly when PSII RC are ei-
ther open or closed (Fig. 5).
With these assumptions, FV(λ) = (ϕII,M− ϕII,0) · fII(λ) and the spec-
tral dependence of FV/FM becomes:
FV
FM
λð Þ ¼
ϕII;M−ϕII;0
 
 f II λð Þ
ϕII;M  f II λð Þ þ ϕI  f I λð Þ
: ð2Þ
From Eq. (2) it is apparent that FV/FM reaches its maximal value
when fI(λ), i.e. the band-shape of PSI emission spectrum, reaches its
minimum, and vice-versa, as observed in the measurements (Figs. 2
and 6). Thus, PSI emission can lead to an underestimation of ΦPSIImax by
up to 20% in the 700–720 nm range, and of 2–5% even at shorter wave-
lengths where PSII emission is dominant. The degree of spectral distor-
tion ofΦPSIImaxwill obviously depend on the PSI emission characteristics in
difference species, and the value retrieved in this study should be
considered accurate only for the organism investigated, or, at best, for
green algae. Yet, although the extent of such spectral distortion could
be variable, the phenomena discussed should be common to all oxygen-
ic organisms possessing a Chl a/b-binding external antenna.
3.4. Wavelength-dependence of the photochemical quantum yield in PSII
Another factor that could potentially contribute to the wavelength
dependence of the FV/FM ratio is the variation of the effective trapping
time across the emission band of PSII. The spectral dependence of
photochemical quenching, giving rise to a maximal value of FV/FM at
about 690 nm, has been previously reported in experiments performed
on isolated thylakoids and PSII particles (BBY membrane) [42–44]. As
distinct from the case of spectral distortion due to PSI emission, this
would represent a proper wavelength dependence of ΦPSIImax, that was
interpreted as resulting from kinetic bottlenecks for energy transfer
from the core antenna complexes to the reaction centre [44–47].
It has been previously demonstrated for a photochemically active
centre, such as PSII under F0' conditions, that τav represents a good
estimate of the effective photochemical trapping time [76]. Hence, toinvestigate the spectral dependence of PSII photochemical trapping
in vivo, the wavelength dependence of τav has been computed (elimi-
nating the faster decay component that was attributed to PSI). Fig. 7A
shows the spectral dependence of τav,0, that is calculated from the
data obtained under F0' conditions (τav,0). The wavelength dependence
of τav calculated at FM (τav,M) is also shown for comparison (Fig. 7B).
The wavelength dependence of τav,M appears to be relatively constant
through the emission band, with minor, scattered, variations.
On the other hand, the spectral dependence of τav.0 is more pro-
nounced. The values of τav.0 across the entire band appear to fall in be-
tween the estimates of the same parameters obtained in isolated BBY
membranes, which are in the 150–200 ps interval (e.g. [26–28,53,54]),
and those obtained in isolated thylakoids which were reported to be
in the range of 350–400 ps (e.g. [20,25]). While it is evident that when
the single points are considered, the large error bars may suggest that
signiﬁcant differences across the emission band do not exist, one should
however note that the spectral variation across the emission band is
maintainedwhen considering the lower and upper statistical signiﬁcance
bounds. The minimal values of τav.0 ~ 255 ps, corresponding to the
maximal photochemical quenching, are obtained in the 695–710 nm
732 F. Rizzo et al. / Biochimica et Biophysica Acta 1837 (2014) 726–733range, i.e. are red-shifted with the respect to the maximal emission. This
observation is in substantial agreement with previous results obtained
with isolated PSII, where maximal quenching was detected at 690 nm
[42–44], by steady-state methods. The results were interpreted as
being due to fast photochemistry leading to a selective quenching of
the core complex [44]. Similar conclusions were later obtained also by
time-resolved ﬂuorescence analysis of the BBY membranes [54]. It is
not unreasonable to suggest that the present spectral variation in τav is
due to a similar phenomenon. However, we underline that the overall
variation of τav,0 across the band is only about 20 ps with respect to an
overallmeanvalue of 265 ps, i.e. less than 8%. Therefore, in terms ofΦPSIImax
estimation this effect is moderate.
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